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ABSTRACT: Ethylene polymerization mediated by methyl-bis(cyclopentadienyl)-zirconium or zirconocene catalyst, 
[ZrCp2CH3]+ is one of the most popular catalytic reaction for polyethylene production. Rationalizing the major effects that 
control the polymer growth result a challenge for computational studies. Through quantum chemical calculations, we char-
acterized the zirconocene ethylene polymerization reaction mechanism; the chain initiation (I; first ethylene insertion) 
[ZrCp2CH2CH2CH3]+, chain propagation (P; from second (P1) to ninth (P9) ethylene insertion) [ZrCp2(CH2)20CH3]+ and chain 
termination processes (T; β-hydrogen elimination from P5 or P9) [ZrHCp2(H2C=CH(CH2)18CH3]+ are analyzed through poten-
tial energy surface (PES) and the reaction force analysis (RFA). The RFA approach involves pulling out the portion of an 
activation barrier that corresponds to distorting reactants into the geometries they adopt in a transition state structure 
until it reaches the structural relaxation toward the equilibrium geometry of the product. Because the interactions between 
the zirconocene and the ethylene molecule are influenced by a combination of several kinds of steric and electronic effects, 
it is indispensable to understand these interactions in order to rationalize and predict in a quantitative manner the reaction 
barrier heights and the concomitant polymer growth. In the present work, we employ a simple procedure within the 
framework of the RFA and the density functional steric energy decomposition analysis (EDA) approach to quantitatively 
separate the different types of interactions; steric (ΔEs), electrostatic (ΔEe), and quantum (ΔEq) effects in order to predict 
the impacts of each factor on the course of the polymerization process as well as for the polymer control and design. 
INTRODUCTION  
 
Polyethylene (PE) is the most common plastic representing 
about 36% in the world, with an annual production of approx-
imately 80 million metric tons.1 The large-scale production of 
PE is closely linked to the development of coordination com-
pounds, characterized by their high activity and low cost, 
although several catalytic systems for obtaining this polymer 
are known, those of the Ziegler-Natta2-4 type have become the 
catalysts with the highest profitability in the industry. Ziegler-
Natta catalysts have been widely developed in the last 50 
years, which are efficient and selective compounds for many 
kinds of ethylene polymerization process5 being the focus of 
intensive theoretical and experimental investigations over the 
last several years.6-11 Today, PE produced with the help of 
these catalysts has become the largest plastic material togeth-
er with polypropylene.12  
Metallocene compounds show only one type of active site, 
in contrast to Ziegler-Natta systems producing polyethylene 
with narrow molecular weight distribution. Those typically 
used in the polymerization of ethylene, consist of transition 
metals of IVB group (Ti, Zr, and Hf), generally attached to 
aromatic rings of the Cyclopentadienyl type. The active spe-
cies in the reaction is the metallocenic cation, which is gener-
ated by the action of methylaluminoxane (MAO), which has 
the function of activating the zirconocene catalyst by the ab-
straction of a chlorine atom generating a cationic catalyst that 
is stabilized by the anion of the MAO.13 Specifically, the zir-
conocene/MAO catalyst system has proven to be 10 to 100 
times more active than the classic Ziegler-Natta catalyst14 with 
high catalytic efficiency for the polyethylene production of 
low molecular weight.7,15 Experimentally was found that the 
performance of MAO is not strongly dependent on the catalyt-
ic activity for the zirconocene ethylene polymerization cataly-
sis during the chain initiation, propagation, and termination 
steps.17 The ethylene polymerization of zirconocene catalysts 
has paved the way for the design of new materials in the pol-
ymer industry is the focus on the increasing performance of 
standard plastics.16  
In this paper, we have focused on the study of the ethylene 
polymerization process catalyzed by zirconocene, according 
to Scheme 1, without considering the co-catalyst or the sol-
vent effects because it is not an issue of interest in this work. 
Our focus is the understanding of the reaction mechanism in 
terms of their reaction domain effects along with the zircono-
cene polymerization catalysis, which will be of significant 
interest, especially to industry. From quantum mechanics, it is 
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 possible to study different thermodynamic models to estimate 
free energy changes in gas phase or solution (Figure S1), 
which have been applied in the computation of kinetic and 
thermodynamic properties such as rate constants. In thermo-
dynamic cycle calculations, the intrinsic free energy corre-
sponds to the change in Gibbs free energy of the system in the 
gas and solution phase using the following expression: 
 ΔGǂ= ΔEǂ+ ΔGRR-QHO + ΔGsolv.                                                            (1) 
The first term comes from activation enthalpy (ΔHǂ), which is 
analogous to the activation electronic energy quantity in the 
gas phase (ΔEǂ= ΔHǂ + RT) compute on optimized geometries, 
while the last two terms correspond to the thermal contribu-
tions of the solution phase where the Gibbs free energy is 
calculated through the partition function derived from the 
ideal gas rigid-rotor harmonic oscillator approximation. These 
energies can be obtained directly from electronic structure 
calculations. In general, the intrinsic Gibbs free energy shows 
a diverse data set that will provide a rigorous treatment to-
ward a more specific and reliable alternative to calculate the 
thermodynamic and kinetic of a chemical process. We will 
study the thermodynamic cycle in the gas phase, where alt-
hough the solvation induced significant changes in the struc-
ture and in the catalysis of a chemical system, which is anoth-
er alternative of a possible direction for future work.   
The initiation (I), propagation (P), and β-hydrogen elimina-
tion as chain termination (T) steps were studied by DFT calcu-
lations according to Scheme 1. The generic mechanism, better 
known as Cosse-Arlman mechanism18-19 of ethylene insertion 
reaction, involves the coordination of a unit of ethylene (not 
modeled here) to form a -complex, followed by ethylene 
insertion between the Zr-CH3 bond, this process has been 
identified as chain initiation (I).  Chain propagation process 
(P) is initiated by olefin uptake to give place to the subsequent 
insertions, where nine ethylene insertions were studied for 
this step. The transfer of β-hydrogen in the polymer to the Zr 
atom through an agostic interaction was analyzed in termina-
tion of the chain (T) because it is the kinetically preferred 
chain termination on the zirconocene catalyst.7 We are mainly 
interested in emphasizing on the polymer chain propagation. 
In any catalytic coordination polymerization process of eth-
ylene, there are several parameters that account for the effec-
tiveness of this process, such as the molecular weight, the 
polydispersity index, or degree of polymerization and catalyt-
ic activity.20  The knowledge of these factors is essential for 
the understanding of the evolution of the new polymer formed 
in time scale as well as for the design and control of the poly-
mer.  
The study of accurate methods to predict reaction mecha-
nisms and the energetic of chemical reactions is an area of 
active research. Quantitative Structure-Activity Relationship 
(QSAR) studies, machine learning as well as DFT methods 
have been carried out as plausible methods for approximating 
results for complex polymerization reactions, yielding insight 
into the catalytic mechanism of olefin polymerization cata-
lysts.21-23 Besides, rationalizing the major effects that control 
polymer growth has become a challenge for computational 
studies. The steric and electronic effects on the catalyst are 
also expected to contribute to the control of the formed poly-
mer that has an impact on the course of the polymerization 
process. Any chemical reaction could be described in terms of 
steric and electronic effects through the potential energy E(ξ) 
of the total system along the intrinsic reaction coordinate (IRC 
= ). 24-25 Based upon the classical expression for the force, the 
negative gradient of the E(ξ) along a suitable reaction coordi-
nate gives a force in the direction opposite to that of increas-
ing energy; and it has been named by Toro-Labbé as the reac-
tion force analysis (RFA), F(ξ).26 RFA shows a minimum and a 
maximum at the inflection points of E(ξ) different regions 
                             
Scheme 1. Chain initiation (I), propagation (P) and termination (T) steps for bis-cyclopentadienyl zirconium catalyst. 
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 along the reaction coordinate can be defined27 as shown in 
Scheme 2a. To each step of the reaction within a given reac-
tion region, the energy involved along the reaction coordinate 
can be rationalized through reaction works (Wi),26 which have 
opened a way for rationalizing the catalytic properties of 
different compounds and for predicting their catalytic activi-
ty28 providing an alternative approach to characterize the 
distortion independently of the molecularity of a reaction. 
RFA is a partition that is a natural consequence of the frag-
mentation of the reaction coordinate in regions. This ap-
proach involves pulling out the portion of an activation barri-
er that corresponds to distorting reactants into the geome-
tries they adopt in a transition state structure until it reaches 
the structural relaxation toward the equilibrium geometry of 
the product. This decomposition scheme has a certain analogy 
with the distortion and interaction components that have 
been described separately by Morokuma, Bickelhaupt and 
Houk (called reactant deformation,29 activation-strain model30 
or distortion-interaction, 31 respectively).  
The potential energy profiles along the reaction coordinate 
have been used to discuss the mechanisms of ethylene 
polymerization on zirconocene active species, which allow a 
simple interpretation of the reaction mechanism.10 However, 
through the reaction force analysis 32 profiles we can simplify 
the complicated mechanistic details that cannot be identified 
by the potential energy profile quantifying the energetic cost 
of each process that takes place during a reaction mechanism 
through the reaction works, where the thermodynamic (ΔE°)  
and kinetic (ΔEǂ) energy barriers can be calculated character-
izing their physical nature in terms of the reaction works (see 
Scheme 2a). Based on previous studies, the reactant and 
product regions are dominated by steric rearrangements 
(bond lengthening, rotation, angle changes, etc.), whereas the 
transition state region is characterized by an intensive elec-
tronic activity through a collection of chemical events (bond 
strengthening/formation and bond weakening/breaking). 
Although the predominance of those phenomena is not exclu-
sively within each reaction region. It is for that reason that the 
quantitative understanding of the dominant factors control-
ling the reaction barrier heights remains controversial. It is 
well known that the ethylene polymerization process control 
is based on mainly steric interactions between the catalyst 
and the ethylene substrate that is being inserted over the 
metal, which significantly slows down the reaction due to 
steric hindrance (Scheme 2b). In addition, a sensible explana-
tion for the chain growth control and the catalytic activity 
could be based on favored orbital interactions (stereoelec-
tronic effects) between the catalyst and the ethylene molecule 
(Scheme 2b). Therefore, a thorough understanding of how the 
different effects contribute to catalytic activity is essential for 
the development of similar catalysts for PE production.  
We present a systematic computational study to quantitative-
ly analyze the nature of the contributions that impact on the 
ethylene polymerization reaction barriers using the density 
functional steric energy decomposition analysis (EDA) meth-
od developed by Liu, 33 which has been widely applied to a 
variety of chemical compounds to study conformational 
changes,34the physical differences between branched and 
linear alkanes,35 stereoelectronic effects36, etc.37 The comput-
ed barriers were dissected in terms of steric (ΔEs), electrostat-
ic (ΔEe) and quantum (ΔEq) effects. This approach quantifies 
the steric effect from DFT, assuming that the total energy 
comes from those three contributions. The steric component 
is defined as kinetic in nature by the Weizsäcker kinetic ener-
gy.38 More importantly, it is easy to compute with any DFT 
method due to its unique dependence on the electron density 
and its gradient. This energy decomposition approach imple-
mented within the theoretical framework of the RFA allows 
rationalizing the energetic contributions that impact the cata-
lytic activity of the chain growth on zirconocene ethylene 
polymerization catalysis. Each reaction work (Wi) along the 
reaction coordinate, as well as the computed activation energy 
(ΔE‡), can be dissected into three contributions, called as 
steric (ΔEs), electrostatic (ΔEe) and quantum (ΔEq). This will 
allow to reveal and understand the effects that originate the 
polymer growth in many kinds of catalytic systems active for 
PE production, which could be rationally predicted. 
 
Scheme 2. (a) Typical profile of the potential energy (dashed 
line) and reaction force (solid line) for a 1-step reaction. {ξmin, 
ξmax} are the critical points localized between the reactant 
region and the transition state region; the second one is local-
ized between the transition state and the products. The reac-
tion works W1-W4 allow to characterize the physical nature of 
the activation ΔEǂ  and reaction ΔE° energies in terms of the 
prevalence either of steric {W1,W4} or electronic works 
{W2,W3}.39 (b) Possible effects involved throughout the physi-
cal nature of the barriers in the mechanism of zirconocene 
ethylene polymerization catalysis.  
METHODS 
For each process, the reactants, transition states, and products 
geometries and energies were calculated using Gaussian 09 
package 40 with the hybrid Meta-GGA density functional M06-
2X.41 The basis set used for non-metal atoms is 6-31+G(d,p),42-
45 Zr was described using the LANL2DZ pseudo-potential.46 
The characterization of the located stationary points was 
carried out by analytical frequency calculations, which were 
confirmed for all reactants and products with zero imaginary 
frequencies and for transition states with the first-order sad-
dle points on the potential energy surface. The minimum 
energy path from the reactants to the product was calculated 
through the intrinsic reaction coordinate (IRC). 24-25 The pro-
files of 𝐸() and 𝐹() were obtained through single-point 
calculations on the previously optimized geometries of the 
supermolecule obtained from the IRC procedure.  
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 Density functional steric EDA33 was computed using Multiwfn 
3.7 program47by single point calculations on the computed 
gas-phase IRC in order to dissect the activation energy in 
terms of the steric (Wi-s), electrostatic (Wi-e) and quantum (Wi-
q) reaction works. This energy decomposition method does 
not qualitatively depend on the basis set or density function-
als, 33-34 assuming that the energy difference of a molecule 
only comes from three independent effects: 
ΔE= ΔEs+ ΔEe + ΔEq                                                                           (2) 
Steric (ΔEs), electrostatic (ΔEe), and quantum (ΔEq) effects. In 
DFT the energy difference is partitioned by the contributions 
of the non-interacting kinetic (ΔTs), the electrostatic (ΔEe) and 
the exchange-correlation (ΔExc) energy density functionals: 48 
 ΔE= ΔTs + ΔEe + ΔExc                                                                         (3) 
Where the electrostatic term includes the nuclear-electron 
attraction (ΔVne), classical electron-electron Coulomb repul-
sion (ΔJ) and nuclear-nuclear repulsion energies (ΔVnn), 
 ΔEe=ΔVne+ΔJ+ΔVnn                                                                           (4) 
In analogy to the DFT energy partition, the density functional 
steric EDA also uses the electrostatic contribution; however, 
the steric contribution is their main stabilization effect.  The 
steric contribution is expressed by the Weizsäcker kinetic 
energy: 38 
Es ≡TW = 1 8⁄ ∫
|∇𝜌(𝒓)|2
𝜌(𝒓)
𝑑𝒓                                                                (5) 
 Which represents the spatial distribution of the electron 
density being a repulsive effect (negative) in nature because it 
relates to the occupied space and is extensive in size due to 
the notion that the bulkier it is the system larger the steric 
effect will be. In contrast with the wavefunction quantification 
where the steric effect is associated with the Pauli Exclusion 
Principle. While, the contribution from the quantum effect 
comes from the exchange-correlation interaction and the 
Pauli component in the kinetic energy (EPauli≡ TS -TW): 
 Eq= EXC + EPauli                                                                                                                               (6) 
 Therefore, Eq is physically attributed as a quantum contribu-
tion due to the quantum nature of the above principle, which 
is associated to the repulsions between filled orbitals (the 
available space to each electron decreases), increasing the 
energy of the system. 
The density functional steric EDA approach can be extended 
to concepts as Non-covalent interactions (NCI)49 method. This 
method is based on the electron density and the reduced 
density gradients (RDG) characterizing an isosurface associat-
ed to the spatial area of the interaction, while the sign of the 
second eigenvalue of the density Hessian characterizes attrac-
tive or repulsive interactions playing a fundamental role de-
termining qualitatively the inter and intramolecular non-
covalent interactions by colors (red, strong repulsion; blue, 
strong attraction and green, weak interaction). The kinetic 
interpretation of RDG allows us to connect with the Weizsäck-
er kinetic energy, hence in this context, NCI plots can be inter-
preted as those regions where the steric effect decreases. 
Therefore, this method was used in this work to characterize 
the interactions between the zirconocene catalyst and the 
ethylene molecule. NCI surfaces also were generated by the 
Multiwfn 3.7 program. 
Stereoelectronic interactions were determined using natural 
bond orbital (NBO) second-order perturbation theory50 to 
quantify key interactions between the zirconocene catalyst 
and ethylene substrate.  
All molecular structures with their corresponding energies 
are available in the Supporting Information (SI). 
RESULTS AND DISCUSSION 
In the following, we will discuss the energetic details of the 
polymerization process before applying the Density functional 
steric EDA analysis to characterize the polymer growth. The 
potential energy, reaction force profiles, and energetic results 
 
Figure 1. (a) Potential energy profiles for the initiation (I), propagation (P) and termination (T) process in kcal mol-1 vs. reac-
tion coordinate for bis- cyclopentadienyl zirconium catalyst. (b) Reaction force profiles for the initiation (I), propagation (P) 
and termination (T) process in kcal mol-1 vs. reaction coordinate for bis- cyclopentadienyl zirconium catalyst. 
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 of our DFT calculations are summarized in Figure 1 and Table 
1, respectively.   
The addition of an ethylene molecule to the zirconocene me-
thyl cation proceeds in a barrierless fashion to give a -
complex (I-R; Figure 2) by a thermodynamically favored pro-
cess with an associated energy cost of -27.40 kcal mol-1. Also, 
it can be seen that the initiation process is kinetically (7.76 
kcal mol-1) and thermodynamically (-9.01 kcal mol-1) favora-
ble. The propagation reaction increases its activation energy 
progressively to a fifth insertion (P5), where it subsequently 
decreases gradually until reaching equilibrium (P9), with an 
average of 9.54 kcal mol-1, corresponding to the activation 
energy for the propagation process. Surprisingly, the activa-
tion energy of the first insertion (initiation step) is much 
Table 1. Activation barriers E‡, total reaction energies E° and reaction work Wi (i=1,2,3 and 4)  in terms of Density functional steric 
EDA for the ethylene polymerization process (I, P and T) for bis-cyclopentadienyl zirconium catalyst. T(P9) and T(P5) indicate the 
modeling of the termination step from P9 and P5 product, respectively. Energies are in kcal mol-1. 
Reaction 
Steps 
 
E‡ E° Wi Ee Es Eq 
Activation - -27.40 - -105.01 -103.94 181.55 
I 7.76 -9.01 W1: 5.73 0.40 -98.69 104.02 
   W2: 2.03 19.20 -62.98 45.81 
   W3: -6.87 13.08 -90.00 70.05 
   W4: -9.90 -32.97 -14.91 37.98 
P1 9.67 -8.74 W1: 6.73 -9.62 -62.14 78.49 
   W2: 2.94 29.09 -55.91 29.76 
   W3: -5.26 18.86 -67.57 43.45 
   W4: -13.15 -49.04 30.89 5.00 
P2 9.85 -7.79 W1: 6.85 -10.95 -69.81 87.61 
   W2: 3.00 32.85 -53.04 23.19 
   W3: -5.31 20.34 -64.26 38.61 
   W4: -12.33 -47.61 36.68 -1.40 
P3 10.16 -8.09 W1: 7.39 -7.45 -45.93 60.77 
   W2: 2.77 28.88 -56.08 29.97 
   W3: -5.35 18.82 -67.65 43.48 
   W4: -12.90 -45.93 31.57 1.46 
P4 9.29 -7.91 W1: 5.85 -6.80 -80.16 92.81 
   W2: 3.44 31.85 -59.66 31.25 
   W3: -5.09 15.75 -66.93 46.09 
   W4: -12.11 -42.74 35.88 -5.24 
P5 9.39 -7.95 W1: 6.42 -3.58 -93.97 103.97 
   W2: 2.97 29.16 -53.19 27.00 
   W3: -5.06 9.34 -67.30 52.90 
   W4: -12.28 -37.86 45.10 -19.52 
P6 9.85 -7.58 W1: 6.44 -9.68 -22.48 38.60 
   W2: 3.41 30.98 -61.34 33.77 
   W3: -5.06 16.05 -67.96 46.85 
   W4: -12.37 -43.43 38.88 -7.82 
P7 9.77 -7.52 W1: 6.35 -8.46 -9.06 23.87 
   W2: 3.42 31.01 -60.77 33.18 
   W3: -5.07 15.95 -67.37 46.35 
   W4: -12.22 -43.20 39.40 -8.42 
P8 8.78 -8.82 W1: 5.41 -6.23 -85.96 97.60 
   W2: 3.37 30.90 -63.46 35.93 
   W3: -5.08 16.02 -69.94 48.84 
   W4: -12.52 -42.31 24.93 4.86 
P9 9.07 -8.19 W1: 5.55 -6.99 -83.54 96.08 
   W2: 3.52 31.38 -59.24 31.38 
   W3: -5.09 15.84 -65.64 44.71 
   W4: -12.17 -43.07 38.33 -7.43 
T(P5) 12.73 11.37 W1: 12.44 -27.24 78.99 -39.31 
   W2: 0.29 18.46 -21.87 3.70 
   W3: -5.99 32.33 -38.79 0.47 
   W4: 4.63 -40.51 132.73 -87.59 
T(P9) 12.86 12.03 W1: 12.61 -25.27 93.67 -55.79 
   W2: 0.25 17.46 -22.74 5.53 
   W3: -5.85 34.65 -39.84 -0.66 
   W4: 5.02 -41.20 129.75 -83.53 
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 smaller than for the chain propagation, whereas the alkyl 
chain grows, the catalytic activity should increase. This can be 
argued for reasons of steric character since as the chain length 
increases, a greater distance from the metal center could favor 
the insertion of monomer and, therefore, the ethylene uptake 
for polymerization of the latter. However, in the initiation 
step, the ethylene complexation is much stronger than in the 
propagation. This difference is due to the lack of stabilizing 
agostic interactions in the I-R and I-TS structures (see Figure 
2), which could be explained in terms of steric effects. The 
presence of an alkyl chain longer than methyl results in a 
smaller Cp-Zr-Cp angle, from 86° to 78° for the transition state 
structures in the I and P steps, respectively (Figure 2) and, 
consequently, a closer approach of the cyclopentadienyl lig-
ands. However, the proximity between hydrogens in the form-
ing chain of the catalyst during the propagation can be indica-
tive of attractive dispersion stabilizations (P species in Figure 
2) as well as in the γ-agostic products formed during the 
propagation step (P1-P, P5-P, and P9-P in Figure 2). Therefore, 
compared with the γ-agostic products, the I-P cation is rela-
tively more stable only by the lowest cyclopentadienyl ligand 
repulsions with the metallic center. Hence, the calculated 
reaction energy is 1 kcal mol-1 higher in the propagation than 
in the initiation step.  
Chain termination starts with β-agostic structure (T(P9)-R, 
Figure 2) then takes place β-hydride elimination to the metal 
center. The chain termination is the rate-determining step 
 
Figure 2. Geometries of the stationary points for the zirconocene methyl cation, chain Initiation (I), chain propagation (P) for 
one (P1), five (P5) and nine (P9) ethylene insertions, chain termination (T). R, TS and P denote reactant, transition state and 
products. 
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 reaching around 13 kcal mol-1, where the transfer of Hβ to 
zirconium has found to be strongly endothermic. Note that β-
hydride elimination calculated from five T(P5) or nine T(P9) 
ethylene molecules inserted are similarly unfavorable. 
Chien51  suggested estimation of the overall activation barrier 
using the following expression: ∆𝐸‡ = 1
2
∆𝐸𝐼
‡ + ∑ ∆𝐸𝑃
‡ −
1
2
∆𝐸𝑇
ǂ  
7 kcal mol-1, which could be attributed to the polymerization 
process of this system (with five or nine insertions of eth-
ylene). This is consistent with the experimental findings of 
Chien and coworkers,52-53 which indicates that the activation 
energy for zirconocene ethylene polymerization reaction does 
not exceed 7.6 kcal mol-1. Moreover, it is known that the mo-
lecular weight of the formed polymer is associated with the 
chain termination step, so a kinetic-favored termination reac-
tion could be related to a high value of molecular weight. In 
this work, the molecular weight from T(P9) and T(P5) are 
7603.4 g mol-1 and 4902.52 g mol-1, respectively, which were 
computed from the degree of polymerization (𝑃𝑛̅̅̅)  in terms of 
reaction rates given by the ratio between the overall rate of 
propagation (kP), and the rate of chain termination reaction 
(kT) reactions multiplied by the molecular weight of the repet-
itive unit (ethylene; 28 g mol-1). However, the kinetic of the 
termination steps for long T(P9) and short T(P5) alkyl chain 
formations are very similar (2.103 s-1 and 3.103 s-1, respective-
ly) indicating that the probability of forming a high molecular 
weight polymer will not be necessarily associated with its 
catalytic activity in the termination step (see also Figure S2). 
This clearly indicates the need to provide a chemically quanti-
tative explanation about factors dictating the nature of the 
ethylene polymerization reaction barrier heights. We per-
formed a density functional steric energy decomposition 
analysis within the framework of the RFA (Table 1). 
 
First, using the reaction force analysis, the activation energy of 
each transition state along the ethylene polymerization reac-
tion is decomposed into W1 and W2. Then, using the density 
functional steric EDA method, the reaction works are dissect-
ed into steric (ΔEs), electrostatic (ΔEe) and quantum (ΔEq) 
effects (for more details, see computational methods section). 
To analyze how the zirconocene-ethylene interactions vary 
along the polymerization process, the computed energy terms 
concerning the reaction works are presented in Table 1. A few 
general conclusions about the activation barriers can be de-
rived from the comparison of the reaction works W1 and W2 in 
each step of the ethylene polymerization process. Table 1 
indicates that all reaction steps of the polymerization process 
are kinetically driven by W1, energy mainly dominated by the 
change of quantum (ΔEq) and steric effects (ΔEs) along the I 
 
Figure 3.  Correlations of the activation energy from the chain initiation to chain propagation of the ethylene polymerization 
reaction with; (a) the steric energy difference (ΔEs) and with (b) the quantum energy difference (ΔEq). (c) NBO overlap for the 
transition state structures associated to the chain initiation (I-TS) and propagation (P1-TS and P5-TS) ethylene polymerization 
reaction. 
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 and P steps, with little contribution from the electrostatic 
effect, ΔEe≈ 22 kcal mol-1 associated to the activation energy 
(W1 + W2), consequently does not correlate with the activa-
tion energy (R2=0.005, Figure S3). While the contribution 
from quantum and steric effects found to be linearly propor-
tional to the barrier heights with a moderate correlation coef-
ficient R2 of 0.57 (ΔEs) and 0.52 (ΔEq) as shown in Figure 3a 
and 3b. Although both correlation coefficients are not very 
high, there is a reverse trend between the data points for each 
geometry along the graphs 3a and 3b as a mirror image. The 
steric effect contributes to the height barrier negatively and 
the quantum effect does so positively (see ΔEs and ΔEq, re-
spectively, in Table 1). Quantum effect shows a marked in-
crease in energy when the non-bonded zirconium atom from 
the zirconocene catalyst and one of the carbon atoms from the 
monomer are forced to occupy the same space (Figure 3b) as 
shown for the chain initiation and for the propagation of long-
er chains as P8 and P9, which at the same time have less steric 
hindrance (Figure 3a). This explains why these reactions are 
easily affected by lower barriers with respect to the earliest 
steps of propagation (see Table 1). It should not be forgotten 
that although ΔEs and ΔEq are repulsive in nature, ΔEs is asso-
ciated with the spatial volume of the system, while ΔEq is 
associated with the distribution of the average volume availa-
ble to each electron. Therefore, this indicates that the ethylene 
insertion barriers are associated to stereoelectronic nature. 
Indeed, stereoelectronic effects are simply associated with the 
spatial position of the molecular orbitals (Scheme 2b), a fact 
that has kinetic consequences. The steric effect presents a 
positive slope, indicating that there is an important steric 
hindrance associated to the orbital interactions. To under-
stand why stereoelectronic effects promote the catalytic activ-
ity during the chain initiation and propagation steps, we per-
formed NBO analysis using the second-order perturbation 
analysis of donor-acceptor interactions between the zircono-
cene catalyst and the ethylene molecule in the transition state 
structures (Figure 3c).  
The NBO analysis revealed that the stabilization energies (E2) 
associated with the orbital interaction between the occupied 
ethylene π orbital and the vacant zirconium d orbital (I-TS; 
→d in Figure 3c) is the most important orbital interaction for 
the chain initiation step (E2 (→d) =64.55 kcal mol-1, E2 (d→)= 
1.63 kcal mol-1). This is a result of the zirconium as an elec-
tron-poor orbital (d0) being a good -acceptor, which pro-
motes the complexing of ethylene with zirconium. Further-
more, the net electron donation from the ethylene to zirconi-
um would increase the electron density on the zirconium 
atom, which also supports the fact that there is not an agostic 
interaction in contrast to the chain propagation step. As dis-
cussed earlier, the chain propagation step presents a more 
advanced transition state structures showing Zr-C (with α-
carbon of the ethylene molecule) and C-C (with β-carbon of 
the ethylene molecule) bond forming. This is associated with 
the shortening Zr-C bond in the transition state structures 
along the chain propagation (see Figure 2; P1-TS, P5-TS, and 
P9-TS) decreasing in the angle Cp-Zr-Cp strains in transition 
state structures, thus confirming the increase of the activation 
energy barriers. One interpretation of this result is that the -
complex is more stable than in the initiation step because the 
electron-donating Zr-C to *C-C  enhances the back-donation 
electron density to the *C-C  orbital of the monomer of eth-
ylene (E2 (Zr-C → *C-C) ≈ 42 kcal mol-1, E2 (C-C → *Zr-C) ≈ 18 kcal 
mol-1). Another possible explanation is that the agostic inter-
actions in the transition state can form a more stable complex 
to inhibit the latter's ability to catalyze the ethylene polymeri-
zation, therefore, since the chain length is limited by agostic 
interactions on the zirconocene ethylene polymerization 
catalysis, the chain propagation step result more difficult than 
the chain initiation. 
On the other hand, we then employed the density functional 
steric EDA approach to study the nature of the remaining 
reaction works (W2, W3, and W4) during the chain propaga-
tion, as shown in Figure 4. These results reveal how the steric 
and electronic properties in the course of the chain growth 
affect the different regions defined by the reaction force along 
the reaction coordinate. We found that different components 
become dominant in different reaction reactions. Within the 
transition state region, steric interactions control the reaction 
work W2 (Figure 4a; R2=0.62), whereas in the reaction work 
W3 a more moderate correlation with the quantum effect 
(Figure 4b; R2=0.56) was found as the controlling factor.  
Since W3 is greater in magnitude (|W3|) than W2 in almost 2 
kcal mol-1, it is secure to argue that ΔEq is the dominant factor 
within the TS region but compensated by the stabilizing con-
tribution from the steric effect. These results are in agreement 
with the earlier discussed (Figure 3), the stereoelectronic 
effect is dominant within the TS region, and thus should in-
crease as the chain increases in size.  
Figure 4.  Correlations of the reaction work from the chain 
propagation of the ethylene polymerization reaction; (a) W2 
with the steric energy difference (ΔEs), (b) W3 with the quan-
tum energy difference (ΔEq) and (c) W4 with the electrostatic 
(ΔEe) energy differences. P5-P shows the NCI plot for this 
product structure in the chain propagation. The color spec-
trum ranges from; blue for strong attractions, green for weak 
interactions, and red for strong steric repulsions. 
Surprisingly, the density functional steric EDA results indicate 
that within the product region, the reaction work W4 is not 
very sensitive to the steric effects. We find a stronger linear 
correlation with the electrostatic energy difference (Figure 4c; 
R2=0.70). The electrostatic effects are not particularly con-
cerned with the interaction between the zirconocene catalyst 
and the ethylene substrate, because, within the product re-
gion, the alkene-metal complex is already formed. The strong-
er electrostatic interaction is attributed to the γ-agostic inter-
actions in the products added to the attractive London disper-
sive non-covalent interactions. The NCI plot in Figure 4 shows 
weakly attractive interaction (the green slice) between the 
hydrogen atoms of the formed chain as well as the formed 
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 chain with the cyclopentadienyl ligand of the zirconocene 
catalyst in the product, which is consistent with the greater 
electrostatic effects. 
Finally, during the chain termination, the energy to overcome 
the retarding force is greater by about 6 kcal mol-1 with re-
spect to W1 associated with 98% of the activation barrier 
compared to the initiation and propagation steps about 70% 
of the activation energy corresponds to W1. A narrow region 
associated with the transition state (Figure 1b; T) is further 
attributed with a high barrier for the chain termination and 
endothermic reaction energy becoming irreversible. This step 
requires the rupture of a Cβ-Hβ bond, which leads to a pro-
nounced minimum of the reaction force (Figure 1b; T). After 
the minimum of the force, the effect that drives an increment 
of the force is due to the formation of a metal-hydrogen agos-
tic interaction (Zr⋯Hβ⋯Cβ), which is a sign of an evident dis-
tinction of this profile for this process (Figure 1b; T). On the 
other hand, in contrast to the chain initiation and propagation 
steps, density functional steric EDA analysis indicated a sub-
stantially different selectivity control for the chain termina-
tion process. We find that for the chain termination, the steric 
effect is indeed the dominant factor, contributing positively to 
the activation barrier energy difference between the transi-
tion state and the reactant for shorter (from P5) or longer 
(from P9) chain formations (Figure 5a; ΔEs). The larger steric 
contribution is a result of that the chain termination transition 
state must have a geometry that involves a coplanar arrange-
ment for the zirconium atom with the Cβ and Hβ atoms of the 
propagating alkyl chain (Figure 5b; Zr-Hβ→ * C=C). There-
fore, the chain termination becomes easier with the metallic 
center without -complexed ethylene than for one with -
complexed ethylene. NCI plot in Figure 5b, for the transition 
state structure T(P9), reveals that evidence on the reactive 
zone (red surface), although significantly stabilizing disper-
sion-like interactions (green surfaces), also takes place on the 
transition state. 
Density functional steric EDA analysis on the reaction works 
W2, W3 and W4 for the chain termination revealed that the 
transition state region governed by W2 and W3, the strong 
steric repulsion induced (ΔEs ≈ -62 kcal mol-1) is compensated 
by electrostatic interactions (ΔEe ≈ 51 kcal mol-1) with a little 
contribution of quantum effects (ΔEq ≈ 5 kcal mol-1). This is in 
agreement with the stabilizing dispersion interactions appre-
ciated in the NCI plot (Figure 5b). Regarding the product re-
gion, we found that in W4 the electrostatic and quantum ef-
fects play a minor role in front of the high contribution from 
the steric effect (ΔEs ≈ 131 kcal mol-1), which effectively over-
ride the other effects; thus indicating that the zirconocene 
catalyst is not active to a next ethylene insertion. 
The dominant factors controlling the catalytic activity in zir-
conocene ethylene polymerization catalysis are summarized 
in Scheme 3. Although the steric effect is thought to be the 
majority in the course of the chain growth since as the chain 
length increases a greater distance from the metal center 
favoring the insertion of monomer occurs, the dominant fac-
tor on catalytic activity can be distinct. For the chain initiation 
and propagation steps, the stereoelectronic interactions are 
the most important factor that leads to the alkyl chain growth. 
In the chain termination, steric effects become the most im-
portant in the catalytic activity as well as in the chain length 
(molecular weight). Our computational study suggests that 
the energy decomposition analysis described by the reaction 
force may be applied to study the origin of the catalytic activi-
ty, reactivity, and selectivity of any other catalytic reaction. 
 
Figure 5. Origins of the activation energy barrier in the transi-
tion state associated with an earlier (T(P5)-TS) or later 
(T(P9)-TS) chain termination step. (a) The computed activa-
tion energy (ΔEǂ) is calculated from the contributions of W1 
(98%) and W2 (2%) in terms of each energy component (ΔEe; 
orange, ΔEs; green, ΔEq; purple). All energies are in kcal mol-1. 
(b) stereoelectronic (Zr-Hβ→ * C=C) and steric repulsion 
(red surface) effects on the reactive zone of the chain termina-
tion transition state. 
Scheme 3. Summary of the catalytic effects on the transition 
states along the zirconocene ethylene polymerization cataly-
sis. 
CONCLUSIONS 
In this work, we presented a density functional steric energy 
decomposition approach within the framework of the RFA to 
rationalize the energetic contributions that impact the catalyt-
ic activity of the chain growth on zirconocene ethylene 
polymerization catalysis. The computed activation energy 
(ΔE‡) in terms of the reaction works (Wi) is quantitatively 
dissected into effects from electrostatics (ΔEe) interactions, 
steric repulsions (ΔEs), and quantum chemical interactions 
(ΔEq) between the ethylene and the zirconocene in the transi-
tion states associated to the chain initiation, propagation and 
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 termination steps for the polyethylene production. In addi-
tion, those effects are rationalized and characterized along the 
reaction regions involved in each step of the polymerization 
reaction. Therefore, the major factor controlling the catalytic 
activity and selectivity of the zirconocene ethylene polymeri-
zation catalysis and even with different catalytic reactions can 
be revealed in a practical and efficient fashion. 
The results obtained in the present study are sufficient to 
allow some assumptions of the methods for controlling the 
catalytic activity of zirconocene catalyst for polyethylene 
production. The catalytic activity is dominated by W1 being 
controlled for steric and quantum contributions, mainly due 
to the favorable stereoelectronic effects between the ethylene 
substrate and the zirconocene catalyst during the chain initia-
tion and propagation. In the chain termination, stereoelec-
tronic effects are diminished for the β-hydrogen elimination 
process, and the steric repulsions between the formed chain 
and the metallic center become more important on the cata-
lytic activity. The use of this approach on the reaction works 
also allowed to know the dominant effects within the reactant, 
transition state, and product regions along the reaction coor-
dinate. The reactant region is controlled by W1, where stereo-
electronic effects during the chain initiation and propagation, 
whereas in the termination step is controlled by steric repul-
sions. The transition state region involves W2 and W3, which 
revealed that along the whole course of the polymerization 
reaction, the steric repulsions are increased. Nonetheless, a 
stereoelectronic nature is present where the quantum effect is 
dominant but compensated by the stabilizing contribution 
from the steric effect and in the product region dominated by 
W4, showed that the γ-agostic interactions and the dispersive 
interactions between the formed chain and the zirconocene 
catalyst increase the electrostatic effects during the chain 
growth. In addition, the product region for the chain termina-
tion is dictated by the diminished electrostatic effect that 
makes steric effects the dominant contribution to the β-
agostic product. 
We expect that the characterization of the catalytic activity 
described for the ethylene polymerization catalysis revealed 
in this study in terms of steric, electrostatic, and quantum 
effects within the RFA framework can provide insights to 
guide future design strategies for the catalytic polyethylene 
production as well as would allow to orient a reaction influ-
encing specific regions of the reaction coordinate by means of 
the nature of substituent groups on the ligands, or effects 
granted by the nature of the substrate used in a given catalytic 
reaction. 
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